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Extended Experimental Procedures Mutation data and data preprocessing
We used the TCGA level 3 variant data (MAF file format) in the cBioPortal 2,3 which were retrieved from the Broad Institutes "Firehose" pipeline for processing of raw TCGA data. Thus, we used high level (processed) data for this study and relied on the variant and protein isoform calls from the Broad Firehose. To filter out mutations in low expressed genes, which has been shown to be associated with mutation biases 5 , mRNA sequencing data in the form of normalized RSEM values were obtained from the same data portal. Within each tumor type, we determined the mean RSEM value for each gene and mutations in genes with a mean RSEM value of less than 10 were excluded from the analysis. Samples with extreme genomic instability, or so-called ultra-mutated samples, are generally thought to have many non-functional passenger mutations and could therefore bias mutation hotspot analysis, for example in cases where passenger mutations are tallied across genes in a domain family. Thus, we filtered out ultra-mutated samples by disregarding samples with more than 2,000 non-silent mutations. 
Pfam domains and mapping mutations to protein domains
The Pfam-A data base of domains in the human proteome (version 26) as well as all human protein sequences were downloaded from the Pfam ftp server (pfam26.9606.tsv, ftp://ftp.ebi. ac.uk/pub/databases/Pfam). To include only high confidence domain calls, domains with an expectancy value (e-value) larger than 1e −5 were excluded. Mapping entries between MAF files and Pfam domains was performed using Uniprot accession numbers using the MAF ONCOTA-TOR.UNIPROT.ACCESSION.BEST.EFFECT field. In cases where the MAF entries did not have Uniprot accession numbers, the biomart webservice (http://www.ensembl.org/biomart/) was used to map between HGNC gene symbols and Uniprot accession numbers. The protein domain coordinates from the Pfam-A database were then matched to the MAF entries to determine if the mutations fell within or outside the boundaries of the protein domains using the MAF ONCOTA-TOR.PROTEIN.CHANGE.BEST.EFFECT field. MAF entries for which the mutated protein position and amino acid identity did not match with the corresponding amino acid identity in the protein sequences were excluded from the analysis. Furthermore, we excluded MAF entries where the mutated protein position was larger than length of the protein sequence.
Identification of domains with enriched mutation burden
For each domain we tallied the number of missense mutations falling (1) within the domain boundary, and compared it to (2) outside of the boundaries of all other domains in the gene, effectively excluding other domains than the domain in question. To assess if the mutation burden of the domain was larger than would be expected by chance, we implemented a permutation test. The permutation test compared the observed mutation burden of the domain to the distribution of burdens generated by randomly distributing mutations across genes containing the domain. To generate this distribution, we repeated the following process for each permutation i:
1. For each gene g in the domain family, count the total number of observed mutations in the gene (both within and outside of the domain). Define this quantity to be n g .
2.
For each gene g, randomly redistribute n g mutations across the gene, allowing for multiple mutations to fall at the same amino acid residue.
3. Count the total number of mutations which fall within the domain boundaries across all genes. Define this quantity to be m i , the mutation burden of the domain in permutation i.
To calculate a p-value for the observed mutation burden of the domain, we compared the true mutation burden m d derived from the data to the distribution of m i . The p-value was defined to be the proportion of permutations with mutation burden greater than or equal to the observed mutation burden.
Note that by treating each gene separately and summing over the outcome of randomly distributed mutations in each gene, we are able to account for gene-to-gene variation in mutation rate (e.g. variation associated with replication timing 5 as well as differences in gene length and the proportion of each gene occupied by domains).
Domains with less than 25 mutations across all cancer types were excluded in the permutation analysis to avoid spurious results due to low mutation counts. Furthermore, to ensure proper random redistribution of mutations across genes and their domains, we omitted domains where the fraction of amino acids assigned as domains was larger than 75% of the all amino acids in the domain-containing proteins.
Domain mutation enrichment score
To calculate an enrichment score of mutations in the domain (e d ), we compared the observed domain mutation burden (m d ) to the expected domain mutation burden (m e ). We calculated m e based on the total number of mutations observed (n g ) and the fraction of amino acids assigned as domains compared to total length of all genes in the domain family (f d ):
Multiple sequence alignment of protein domains
The domain amino acid sequences were obtained as sub-strings from the protein sequences and aligned across domain-containing genes using the MathWorks multialign package with BLO-SUM80 as scoring matrix and default parameters. For aligning domains present in only two genes, the Needleman-Wunsch algorithm was by applied using the MathWorks nwalign package with default parameters. After alignment of domains, missense mutations were tallied across analogous residues of domain-containing genes using the coordinates of the multiple sequence alignment. Residues with alignment gaps in more than 75% of the sequences were excluded from the domain hotspot analysis.
Identification of mutation hotspots within domain alignments
To identify putative hotspots for mutations within domains, we used as a null model the case of mutations falling with equal likelihood at all sites within a domain. Following multiple sequence alignment of all genes within a domain family, we tallied the number of observed mutations within the domain. We assumed that, for a particular residue to be called a putative hotspot, more mutations must fall on that residue than would be expected by chance if mutations were randomly distributed throughout the body of the domain. Assuming that each mutation falls at a random site along the domain body, the frequency of mutations at any particular residue follows a binomial distribution:
where n is the total number of mutations in the domain, k is the number of mutations falling at a particular residue, and p is the probability of any individual mutation falling at a particular residue, and P (m = k) is precisely the probability of observing k mutations at a single residue, assuming that n mutations were observed across the entire domain. Because our null model assumes an equal likelihood of mutations at any residue, p = 1 L , where L is the length of the domain. Thus, to assign a probability to the observation of k mutations falling at a particular site by change (i.e. a p-value), we calculate the probability of at least k mutations falling at a particular site from our null model
To correct for multiple hypothesis testing, p-values for all considered hotspots (aligned domain residues with more than two mutations) were adjusted using the Bonferroni correction method.
Entropy calculations
To assess how uniformly the mutations in a specific domain are spread across the genes containing such domain, we rely on the notion of Shannons information entropy. The information entropy S of a discrete probability distribution P (x) is defined to be
where P (x i ) is the probability of the i th value of x. The entropy is maximal when P (x) is uniform, i.e. each value of x is equally probable (S max = ln n), and minimal when P (x) is equal to 1 for a single value of x (S min = 0). In order to facilitate the comparison of entropy values for vectors of different dimension (e.g. domain families with different numbers of constituent genes), we use a normalized entropy measureS defined as
where n is the dimension of the vector x. Captured by gene-based analysis only Figure S3 : Related to Figure 3 . Systematic analysis of mutation hotspots identified through a domain-centric and a gene-centric approach. The estimated significance level (Bonferroni corrected) of the identified domain mutation hotspots is plotted against the significance level of hotspots identified through a gene-based approach using similar binomial statistics. Hotspots are named by the gene followed by the mutated site and the domain name. The size of the dots reflects the number of mutations at each site and the dots are color coded by the number of domain-containing genes in the genome. Note that the two approaches are complementary: there are numerous mutations in genes that would not have been significantly associated with hotspots without taking domain sequence similarity into account (68 cases, lower right corner, see Table S2 for details), and vice versa, there are multiple mutation sites that are not captured by the domain-based approach but only the gene-based approach (upper left corner), particularly for large domain families with high mutation loads which diminishes statistical power for domain hotspot detection. In each case, we aligned the protein structures to minimize the global root mean square deviation (RMSD) between the two structures and no bias was introduced to superpose the hotspot residues. The structural alignment and analysis was performed with the MatchMaker algorithm implemented in UCSF chimera 6 .
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Cases Log2 (expression ratio of mutant versus wildtype samples) Figure S6 : Related to Figure 5A . Upregulation of genes in melanoma with prolyl isomerase hotspot mutations. Gene expression difference (ratio of mRNA RSEM values) between melanoma samples containing hotspot mutations in the prolyl isomerase domain (Pro isomerase) and melanoma samples without hotspot mutations (wildtype) is plotted as a function of the statistical significance (moderated t-statistics adjusted for multiple testing by the Benjamini and Hochberg method). Seven out of 257 melanoma samples had hotspot mutations with mutations in PPIAL4G (four R37C mutations), PPIG (two R41C mutations), and PPIA (one R37C mutation). Highlighted genes (red) are more than 4-fold differentially regulated at the level of FDR < 0.05. Inset shows a similar analysis except mutant samples were considered as all samples with missense mutations in genes containing the domain (excluding samples with hotspot mutations). Note that only hotspot mutations have a perturbing effect on gene expression in melanoma samples although the functional consequence remains unclear. Genes with RSEM values below 32 were excluded to avoid analyzing very low and/or non-expressed genes. All data were obtained from the cBioPortal for cancer genomics data 2,3 . Table S1: Related to Table 2 . Significant mutation hotspots identified in protein domains. The detected domain hotspots are listed by their Pfam domain identifiers, the number of genes in the domain family, the position of the hotspot in the domain alignment, the Bonferroni-corrected p-values, the entropy score (S), the number of mutations in the hotspot, the genes with the most mutations in the hotspot, and the cancer type with most mutations in the hotspot. The genes written in italic font if they were reported to be significantly mutated or bold font if they were not in a recent pan-cancer study 4 . The list is sorted by p-value followed by entropy score. Figure S3 . Systematic analysis of mutation hotspots identified through a domain-or a gene-centric approach. Listed are potential mutation hotspots identified in domain-containing genes either through a domain-based (pVal Domain) or a gene-based (pVal Gene) approach using binomial statistics and correcting for multiple hypothesis testing (Bonferroni). The number of mutations in the domain hotspot (Mut Domain) as well as the number of mutations in the gene of interest (Mut Gene) are listed. Only genes with more than two mutations at the same site are considered. Table S2 can be found as a supplemental spreadsheet.
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